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Abstract. Water uptake by aerosol particles controls their
ability to form cloud droplets, and reconciliation between
different techniques for examining cloud condensation nu-
clei (CCN) properties is important to our understanding of
these processes and our ability to measure and predict them.
Reconciliation between measurements of sub-saturated and
supersaturated aerosol particle water uptake was attempted
at a wide range of locations between 2007 and 2013. The
agreement in derived number of CCN (NCCN) or particle hy-
groscopicity was mixed across the projects, with some data
sets showing poor agreement across all supersaturations and
others agreeing within errors for at least some of the super-
saturation range. The degree of reconciliation did not seem to
depend on the environment in which the measurements were
taken. The discrepancies can only be attributable to differ-
ences in the chemical behaviour of aerosols and gases in each
instrument, leading to under- or overestimated growth factors
and/or CCN counts, though poorer reconciliation at lower su-
persaturations can be attributed to uncertainties in the size
distribution at the threshold diameter found at these supersat-
urations. From a single instrument, the variability in NCCN
calculated using particle hygroscopicity or size distribution
averaged across a project demonstrates a greater sensitivity
to variation in the size distribution than chemical composi-
tion in most of the experiments. However, the discrepancies
between instruments indicate a strong requirement for reli-
able quantiﬁcation of CCN in line with an improved under-
standing of the physical processes involved in their measure-
ment. Without understanding the reason for discrepancies in
the measurements, it is questionable whether quantiﬁcation
of CCN behaviour is meaningful.
1 Introduction
Changes to the number of cloud condensation nuclei (CCN)
will impact on cloud microphysical properties, with an in-
crease in CCN resulting in more and smaller cloud droplets
and in brighter clouds (Twomey, 1977) with longer life-
times, higher liquid water content and increased cloud thick-
ness (Stevens and Feingold, 2009). The net effect of these
aerosol–cloud interactions is to cool the climate system,
however signiﬁcant uncertainties remain in predicting the
magnitude of this impact (Boucher et al., 2013). A better un-
derstanding of these interactions is needed to improve cli-
mate predictions.
The ability of aerosol particles to act as CCN depends
upon their size and chemical composition. A number of re-
gional and global models have been developed over recent
years to predict CCN number concentrations based on these
parameters (e.g. Spracklen et al., 2008; Kumar et al., 2009).
In order to verify and improve these models, measurements
of CCN properties from a wide range of locations around the
world are needed.
CCN properties of aerosols can be measured in the sub-
saturated regime with a Hygroscopicity Tandem Differen-
tial Mobility Analyser (HTDMA; for a review, see Swi-
etlicki et al., 2008) and in the supersaturated regime with
a cloud condensation nuclei counter (CCNc; Roberts and
Nenes,2005).Reconciliationstudiesbetweenthesetwomea-
surement techniques allows us to test our understanding of
aerosol water uptake processes, and to investigate the suit-
ability of applying simplifying assumptions to models.
Extrapolation between the sub- and supersaturation
regime can be approximated through Köhler theory with
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hygroscopicity described by a single parameter. Several such
parameters have been proposed (for a review, see Rissler
et al., 2010), such as that of Petters and Kreidenweis (2007).
Denoted,thishasbeenwidelyusedinrecentyears(e.g.An-
dreae and Rosenfeld, 2008; Kammermann et al., 2010; Irwin
et al., 2010, 2011), particularly in reconciling sub-saturated
particle hygroscopicity with CCN measurements. Several
hygroscopicity–CCN reconciliation studies have been pub-
lished over the past decade or so (e.g. Zhou et al., 2002;
Rissler et al., 2004; Jurányi et al., 2010; Kammermann et al.,
2010; Irwin et al., 2010, 2011; Fors et al., 2011); however all
these studies concentrated on measurements at a single site,
making it impossible to generalise the conclusions. Here we
present, for the ﬁrst time, a meta-analysis of reconciliation
studies by our group at a large number of different locations
includingmarine,tropical,backgroundcontinentalandurban
environments. Such a comprehensive compilation of recon-
ciliation studies allows us to explore instrumental discrepan-
cies and whether reconciliation is affected by the environ-
ment in which the measurements were taken.
2 Measurements and methods
Figure 1 shows all the experiments from 2006 to 2013
at which measurements were made with the HTDMA and
CCNc instruments described below. The measurements that
are included in this study are labelled in bold in the ﬁgure
text. These include a total of eight locations, at two of which
(Mace Head and London), separate summer and winter mea-
surement campaigns were conducted. In each campaign, the
measurements were conducted over three to six weeks at a
time. The measurements covered a range of different ambi-
ent environments including marine (Discovery cruise, Mace
Head,Weybourne),tropical(Borneo,Amazonia),continental
background (Hornisgrinde, Chilbolton) and urban (London).
These data sets were selected out of all those in Fig. 1 for
the quality of the data and suitability of measurement conﬁg-
uration for reconciliation study. The HTDMA and/or CCNc
measurement data collected in the other experiments shown
in Fig. 1 were less suited to hygroscopicity–CCN reconcilia-
tion.
For each experiment, CCN activity was measured as a
function of supersaturation and particle dry size using a
Droplet Measurement Technologies cloud condensation nu-
clei counter (CCNc; Roberts and Nenes, 2005). The cal-
ibration and operation of the CCNc is described fully by
Good et al. (2010a, b) and Irwin et al. (2010, 2011), with
mostly the same methods used in all projects. Brieﬂy, a dried
(< 20% RH, relative humidity) monodisperse aerosol sam-
ple was supplied by a differential mobility analyser (DMA)
stepping discretely through a range of sizes (the exception
being Chilbolton, where the sample was not dried). The sam-
ple was then split between the CCNc and a condensation
particle counter (CPC; TSI model 3010). The ratio of the
number of CCN (NCCN) to the total number concentration of
aerosol particles (NCN) is the fraction of particles activated
(FA.S;D0/) at a given supersaturation, S, and dry diameter,
D0. The resulting activation spectra (FA.S;D0/ as a func-
tion of dry diameter, D0) can be used to derive the diameter
at which 50% of the particles activate (D50) by ﬁtting a sig-
moid curve function. The hygroscopicity parameter, , can
then be derived using the -Köhler model, and will be de-
noted by D50.
Hygroscopic growth factor distributions were measured
during each experiment using a Hygroscopicity Tandem Dif-
ferential Mobility Analyser (HTDMA). Two different instru-
ments were used: the ﬁrst (HTDMA1), developed by Cu-
bison et al. (2005), was used during the Discovery, Hor-
nisgrinde, Borneo, and Amazonia experiments, while the
second (HTDMA2), developed by Good (2009), was used
in the remaining experiments. In all cases, calibrations were
conducted as discussed by Good et al. (2010a), and the data
were processed using the TDMAinv software described by
Gysel et al. (2009). In the HTDMA, a dry aerosol sample
is size-selected with the ﬁrst DMA and then humidiﬁed to
90% RH (except at Hornisgrinde where 86% RH was used;
Irwin et al., 2010). The second DMA is then used to mea-
sure the size distribution of the humidiﬁed aerosol, to give
the distribution of Growth Factor (deﬁned as the ratio of wet
to dry aerosol diameter) as a function of RH and dry diame-
ter (GFRH;D0). For most of the studies, 5 to 7 dry sizes were
scanned in this way, ranging from 24 to 300nm. Values of 
can be calculated from the mean growth factor measurements
as described by Eq. (1):
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where S is the supersaturation (RH=100%), GF is the mean
growth factor,  is the hygroscopicity parameter,  is the sur-
face tension of water, Mw is the molar mass of water, R is the
universal gas constant, T is the temperature, w is the density
of water and D0 is the dry diameter. The  derived from the
growth factor data will be denoted by GF.
A number of approaches can be taken to calculate total
NCCN as a function of supersaturation. From the CCNc data,
the simplest way is to integrate NCCN.S;D0/ as a function
of D0 for each set supersaturation, Sset. Alternatively, the
aerosol number size distribution (as measured by the CPC
on the DMA) can be integrated from the largest size down to
a threshold diameter (in this case, the D50 derived from the
activation spectra). For the HTDMA data, a threshold diame-
ter can be derived from the calculated GF values for a given
supersaturation, and from this, NCCN can be calculated as be-
fore. By using the Sset from the CCNc in deriving NCCN from
the HTDMA, a direct comparison between the instruments
can be made. In this study, NCCN from the CCNc data is de-
rived from the aerosol size distribution and D50 and com-
pared with NCCN derived from the HTDMA data.  values
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Figure 1. Map showing the locations of measurements. The labels name the locations, projects and dates of the experiments. The data sets
used in this study are labelled in bold print.
are also compared between the instruments using the meth-
ods described above.
The calibration procedures employed in all experiments
for both the CCNc and HTDMA are rigorous and described
in detail by Good et al. (2010a). The DMA upstream of the
CCNc and the ﬁrst DMA in the HTDMA were calibrated us-
ing latex spheres. The HTDMA was operated for a few hours
without humidiﬁcation every week or two, to calibrate for
any offset between the two DMAs, and to deﬁne the instru-
ment’s transfer function. Both the HTDMA and the CCNc
were generally calibrated at the start and end of each exper-
iment using nebulised ammonium sulfate. For the HTDMA,
this calibration involved running a humidogram: i.e. measur-
ing the GF at a range of RHs at a ﬁxed dry diameter (typ-
ically 150nm), and comparing to theoretical GF (Topping
et al., 2005). Corrections can then be made to the measured
RH where necessary. The CCNc was calibrated by sampling
nebulised and dried monodisperse ammonium sulfate from
a DMA at 3–5 mobility diameters between 30 and 100nm .
At each diameter the temperature gradient in the CCNc was
stepped up and an activation curve (CCN/CN) was derived.
The temperature gradient at which 50% of the particles were
counted as CCN was assumed to correspond to the critical
supersaturation. The temperature gradient to supersaturation
relation was then derived by a linear ﬁt to the theoretical
(Topping et al., 2005) critical supersaturation at each diame-
ter.
3 Results and discussion
The median and ranges of the aerosol size distributions for
each campaign are shown in Fig. 2. In all cases, these were
derivedfromtheDMAandCPCattachedtotheCCNc.These
show a wide variation in the aerosol size distributions be-
tween the different campaigns, and a similarly wide varia-
tion can be seen in the GF distributions from the HTDMA
measurements, which are shown in the Supplement for each
experiment, and are reported for 90% RH at all locations
(except Hornisgrinde, which is reported at 86% RH). The
aerosol size distributions observed in London are similar to
previous measurements (e.g. Van Dingenen et al., 2004; Ro-
driguez et al., 2007), while the GF distributions show an ex-
ternal mixture with hydrophobic (GF  1) and hygroscopic
modes (GF D 1:5), similar to other urban measurements (Ju-
rányi et al., 2013). At Mace Head, the winter measurements
were dominated by “modiﬁed marine” air masses, while the
summer experiment saw a largely “clean marine” fetch, and
the measured size distributions were typical of these respec-
tive air masses (Dall’Osto et al., 2011). The modiﬁed ma-
rine GF distribution was dominated by a hydrophobic mode
(GF  1:1), while the clean marine had a strong sea salt
mode (GF  2:2). Both experiments exhibited a hygroscopic
mode (GF=1.5–1.7), which largely dominated in the sum-
mer campaign but showed signiﬁcant variability along with
the sea salt mode. Both the aerosol size distributions and
the GF distributions measured in the Amazon were typical
at that site in the dry season (Artaxo et al., 2013), but dif-
fered considerably from the other tropical measurements at
the Borneo site, which, by contrast, was strongly inﬂuenced
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Figure 2. Size distribution box-and-whisker plots showing the median, interquartile ranges and 5th and 95th percentile size distributions for
each measurement campaign.
by marine air masses (Irwin et al., 2011). In the Amazon, the
GF distributions show a persistent, internally mixed aerosol
with GF 1.2–1.3, while in Borneo, the dominant mode var-
ied between GF 1.4–1.6 (depending on dry size) with an oc-
casional hydrophobic mode. From its location, Chilbolton
is regarded as a rural background site, and further analysis
of other measurements taken during this campaign (unpub-
lished data) suggests the aerosol is largely representative of
regional properties, with only a small inﬂuence from local
sources. The GF distributions show a persistent external mix-
ture with modes around 1.1 and 1.5. The Discovery cruise
took place off the coast of West Africa, and over the course
of the campaign, three distinct air masses were seen: African,
Continental (from Southern Europe) and Marine. These are
not separated out for the purposes of this study, and the size
distribution in Fig. 2 represents the whole data set. Growth
factors were mostly around 1.7, and showed a largely inter-
nal mixture for most of the experiment, except for a sporadic
sea salt mode at the larger sizes. A more in-depth examina-
tion of this is provided by Good et al. (2010b). Hornisgrinde
is a mountaintop site, which was frequently in cloud during
measurements (Irwin et al., 2010), and is described as “con-
tinental background”. The GF distribution is more variable
with time and dry size that at some of the other experiments,
ranging 1.1–1.4 (at 86% RH). A bimodal GF distribution can
beseensometimesatthelargerdrysizes.FinallyWeybourne,
while being coastal, can experience a variety of different air
masses, and did so during the experiment (Liu et al., 2013),
and frequently sees aged polluted plumes from the UK and
mainland Europe. The GF distributions show a dominant hy-
groscopic mode (which seems to vary diurnally between 1.4
and 1.7), accompanied by a weaker hydrophobic mode. As
with the other campaigns, the Weybourne data set was con-
sidered as a whole for the purpose of this study. The compi-
lation of all these data sets therefore provides a wide range
of aerosol populations, typically present in the atmosphere at
different locations. From this, it should be possible to probe
whetherthisvariationhasanyinﬂuenceonthereconciliation.
For each measurement campaign, the mean values of
NCCN and  derived from D50 and GF were found for each
Sset, and the ratios of these means are plotted in Fig. 3. The
error bars represent the standard deviation of these ratios, and
hence show the variation throughout a given experiment. In
some campaigns, where the HTDMA calibrations drifted be-
tween the start and end of the experiment, both were applied
and the spread is illustrated in Fig. 3 as shaded areas. The
graphs show that the level of reconciliation varied greatly be-
tween the different experiments, generally varying with su-
persaturation. Poorest agreement between the HTDMA and
CCNc across the range of supersaturations was found in the
measurements from Hornisgrinde, Borneo, Chilbolton and
the Discovery cruise. The other experiments largely showed
agreement within the error bars for at least some of the super-
saturation range. In general, there seems to be a tendency for
the HTDMA measurements to underestimate hygroscopicity
compared to the CCNc, especially at lower supersaturations,
resulting in a ratio greater than one. The only exception to
this is the Borneo experiment, though it is not clear why this
is the case.
It is also not clear why the results for the Hornisgrinde
and Discovery cruise data sets stand out in the reconciliation
in Fig. 3. Possible reasons for discrepancies between CCNc
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Figure 3. Ratios of mean D50 and GF derived (a) NCCN and
(b)  values as a function of Sset for each measurement campaign.
Error bars represent one standard deviation. The shaded areas rep-
resent the spread of values due to differing HTDMA calibrations.
and HTDMA derived  and NCCN for the Discovery, Hor-
nisgrinde and Borneo data sets have been discussed at length
by Good et al. (2010b) and Irwin et al. (2010, 2011), re-
spectively, and they are likely to apply in varying degrees to
the other data sets. The discrepancies are described as being
dueeithertoinstrumentaldifferencesorassumptionsmadein
the model. Previously, discrepancies between measured and
modelled CCN behaviour have been attributed variously to
particle surface tension at the point of activation, changes in
the kinetics of uptake in the instruments, or external mixing.
When using the -Köhler model, the surface tension is of-
ten assumed to be that of pure water,  = 0.072Jm 2 (Pet-
ters and Kreidenweis, 2007; Rissler et al., 2010). In reality,
surface active compounds may concentrate at the water–air
interface of a deliquesced particle, suppressing surface ten-
sion and affecting the CCN activity of the particle. A num-
ber of studies have explored the effect of this assumption on
reconciliation, and have found either that reducing surface
tension in the calculations would not improve closure (Ju-
rányietal.,2010),orthatunrealisticvaluesofsurfacetension
would be required to account for discrepancies (Irwin et al.,
2010; Good et al., 2010b). Moreover, more recent work has
demonstrated that bulk-to-surface partitioning offsets most
of the inﬂuence of any surface tension reduction (Li et al.,
1998; Sorjamaa et al., 2004; Kokkola et al., 2006; McFig-
gans et al., 2006; Topping et al., 2007; Topping, 2010; Frosch
et al., 2010, 2011; Romakkaniemi et al., 2011; Prisle et al.,
2012).
The -Köhler model also does not account for changes in
solutionnon-idealityasafunctionofsaturationratio.Todate,
it has been very difﬁcult to probe how  varies as RH in-
creases towards 100% due to the uncertainties in HTDMA
instruments at high RH (Good et al., 2010b; Duplissy et al.,
2009). Recent developments (Suda and Petters, 2013) should
make this possible. The presence of slightly soluble com-
pounds can inﬂuence the reconciliation, by only contribut-
ing measurably to water uptake in supersaturated conditions.
This would result in an underestimate in NCCN from the
HTDMA measurements (Dusek et al., 2011). Particle non-
sphericity, and the effect this has on their classiﬁcation in
DMAs, can also have the effect of suppressing the calculated
 from both GF and CCN measurements. This is because
of the difference between a non-spherical particle’s mobility
diameter and its volume equivalent diameter. In sensitivity
studies, Dusek et al. (2011) found that the  suppression was
greater in GF calculations than from measured CCN data,
resulting again in an underestimate of hygroscopicity from
the HTDMA measurements compared to the CCNc measure-
ments. These effects would result in the hygroscopicity be-
ing underestimated by the GF calculations compared to the
CCNc derived values (Dusek et al., 2011), and therefore may
be partly the reason why there is a tendency towards a greater
than one ratio, as seen in Fig. 3.
Instrumental differences mainly relate to the chemical be-
haviour of aerosols and gases in the respective instruments.
Growth factor may be underestimated in the HTDMA if
the residence time following humidiﬁcation is too short to
reach equilibrium before sizing in the second DMA (Du-
plissy et al., 2009), leading to an underestimate of hygro-
scopicity. In addition, volatile and semi-volatile compounds
can evaporate during the drying process. While the HTDMA
and CCNc use the same dryer in all these measurements, the
subsequent behaviour of the volatilised gases in the different
conditions of each instrument can lead to further discrepan-
cies (Irwin et al., 2010). For example, the saturation column
of the CCNc can act as a mist chamber, where droplets take
on soluble material from the gas phase, potentially increas-
ing the NCCN count. Indeed, the possible inﬂuences of semi-
volatile components on droplet activation and on reconcilia-
tion between sub- and supersaturated measurements has been
discussed by Topping and McFiggans (2012) and the impacts
of semi-volatile co-condensation expanded by Topping et al.
(2013).
One possible reason for the higher discrepancy in the
Chilbolton reconciliation is the fact that the aerosol sam-
ple was not dried before entering the instruments (Chilbolton
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was the only exception). The RH was often above 50% and
as much as 70%, and the DMAs were therefore not selecting
dry sizes. To test the effect of this, the values for the dry sizes
were reduced (and GF increased) by a factor of 1.1, to simu-
late dry aerosol sizes, and the analysis repeated to get the ra-
tios. Figure S1 in the Supplement shows that this results in a
substantial improvement in the reconciliation, especially for
the NCCN ratios. It should be stated here that while the factor
of 1.1 represents a realistic value at the RH measured in the
aerosol sample, it cannot be veriﬁed, nor does it reﬂect the
variability in inlet RH or , which would cause the correc-
tion itself to vary. These new results therefore do not repre-
sent the real ratios at Chilbolton. Nevertheless, this exercise
illustrates the importance of using dry aerosol samples for
these measurements, however as mentioned in the previous
paragraph, drying can also lead to the removal of volatile and
semi-volatile compounds from the condensed phase. This is
potentially a very important artefact in these measurements,
which may lead to false agreement in reconciliation studies,
and therefore requires further study.
The aerosol mixing state might also affect agreement,
since the methods commonly used to derive hygroscopic-
ity and NCCN with the HTDMA and CCNc do not account
for externally mixed aerosol, which can have different ef-
fects in the two instruments. A number of studies have con-
sidered this, using different methods to account for external
mixing. Most of these (e.g. Rissler et al., 2004; Kammer-
mann et al., 2010; Irwin et al., 2010) found that mixing state
has no effect on measurement reconciliation, however Wex
et al. (2010) found that it is important in obtaining agree-
ment between between HTDMA and chemical composition
derived hygroscopicity. For this study the mixing state was
parameterised, using the HTDMA growth factor distribution,
by the absolute value of the mean growth factor subtracted
from the peak growth factor. Strong external mixing could be
seen in the HTDMA measurements at Chilbolton and Lon-
don (Summer and Winter), and the mixing state parameter
ranged0.12–0.20.Formeasurementsthatshowedalesserde-
gree of external mixing (i.e. a weaker secondary mode in the
growthfactordistribution;e.g.Borneo,MaceHead),themix-
ing state parameter ranged between 0.06 and 0.12, and was
less than 0.05 for measurements showing a largely internally
mixed aerosol sample (e.g. Discovery cruise). Kammermann
et al. (2010) accounted for external mixing in their reconcil-
iation study by deﬁning a critical growth factor at each dry
diameter, above which particles activate at a given supersat-
uration. The fraction of particles above this growth factor is
the activated fraction, thus providing an activation spectrum
(FA.S;D0/) from which to calculate D50 and hence NCCN as
described above. For the CCNc, external mixing can be taken
into account by integrating NCCN.S;D0/ as a function of D0
for each Sset. The ratios of the mean values of NCCN derived
from each method were calculated and compared to those
shown in Fig. 3. No improvement was seen in reconciliation
in any of the data sets, suggesting that mixing state does not
affecthygroscopicity–CCNreconciliation,evenwhenthede-
gree of external mixing is high.
As already mentioned, there is a tendency in some of the
data sets shown in Fig. 3 for the ratios to increase with de-
creasing supersaturation. A similar trend has also been ob-
served in other studies (e.g. Kammermann et al., 2010; Fors
et al., 2011), and has been explained as resulting from greater
uncertainties in the instrument at lower supersaturations. The
threshold diameter at these supersaturations is higher up in
the tail of the particle number size distribution, and so predic-
tions are more sensitive to the counting statistics in the size
distribution.While this can explain the wide variation in the
measurements (shown as large error bars) that can be seen
here, it would not account for the bias (i.e. that NCCN(GF)
should be consistently less than NCCN.D50/). A bias at low
supersaturations due to uncertainties in the determination of
the supersaturation would be eliminated by the calibration
method applied to these data sets, and so would not explain
it. Therefore, it is not clear what causes the larger bias at low
supersaturations.
This trend is not observed in the data sets that show the
poorest agreement (Discovery cruise, Hornisgrinde and Bor-
neo), and it is noted that all these measurements were con-
ducted with the same HTDMA (HTDMA1). However the
measurements in Amazonia also employed HTDMA1 and
these show relatively good reconciliation, plus the trend of
higher ratios at lower supersaturations. The two HTDMAs
were operated side by side, sampling ambient air in Manch-
ester, UK, along with a CCNc, in order to compare reconcil-
iation results. The derived NCCN and  ratios are shown in
Fig. S2. Better agreement is seen using HTDMA2, but im-
portantly, both exhibit the trend of increased ratios at lower
supersaturations that is seen in other data sets in Fig. 3. This
information shows that differences between campaigns in the
relationship between ratios of NCCN or  and supersaturation
cannot be attributed to different instruments. A detailed anal-
ysis of differences between HTDMA systems is provided by
Duplissy et al. (2009) and Massling et al. (2011).
The wide range of locations from which the studies pre-
sented here derive make it possible to explore whether dif-
ferent environments (characterised by different aerosol pop-
ulations) result in different degrees of reconciliation in water
uptake measurements. No common patterns could be seen in
Fig. 3 for measurements from similar environments, distinct
from others, so there appears to be no such dependency.
For each data set, NCCN was also calculated from both the
HTDMA and CCNc data using campaign averages of either
 (or D50 in the case of the CCNc) or size distribution. The
results are shown in the Supplement as box plots of NCCN as
a function of supersaturation for each method. In most of the
data sets, averaging  does not lead to a signiﬁcant change
in mean NCCN.S/ from either instrument, whereas NCCN.S/
derived using the mean size distribution shows a much re-
duced variability. Taken in isolation, the data from a sin-
gle instrument may imply that NCCN is rather insensitive to
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, and hence chemical composition and that, unsurprisingly,
size distribution is more important for predicting NCCN, in
agreement with previous studies (e.g. Dusek et al., 2006; Ju-
rányi et al., 2010). However, that NCCN derived from differ-
entinstrumentsfrequentlydiffersmarkedlyindicatesastrong
requirement to understand the processes leading to the dis-
crepancies and thereafter to deﬁne a protocol for reliable
NCCN quantiﬁcation in line with our most informed under-
standing of the physical processes involved in their measure-
ment.
4 Conclusions
This paper presents a meta-analysis of particle water up-
take reconciliation studies from measurements taken at eight
environmentally diverse locations, during three to six week
ﬁeld campaigns between 2007 to 2013. By examining such
a range of data sets, it is possible to produce more general
conclusions, particularly regarding instrumental discrepan-
cies or different environments. Reconciliation between HT-
DMA and CCNc measurements was examined by comparing
NCCN and  as a function of supersaturation, derived from
the threshold diameter seen with the CCNc and the mean
growth factor measured by the HTDMA. Many of the data
sets showed agreement within the variability of the measure-
ments throughout the supersaturation range and some dis-
agreed at all supersaturations. There did not appear to be
any clear dependence of the degree of measurement recon-
ciliation on whether the data set was collected in a marine,
tropical, background continental or urban environment, and
neither could differences between campaigns be attributed to
the use of different instruments. There was generally poorer
reconciliation at the lower supersaturations, likely resulting
from greater relative uncertainties in the size distribution at
the threshold diameters that are observed at these low su-
persaturations.Discrepanciesatothersupersaturationsareat-
tributed to differences in the chemical behaviour of vapours
and/or particles in the different instruments. Aerosol mix-
ing state did not appear to affect reconciliation, even when
strongexternalmixingwasobserved.CalculatingNCCN from
any one instrument using campaign averages of either  or
sizedistributionwouldindicaterelativeinsensitivityofNCCN
to the chemical composition with more of the variability in
NCCN arising from the size distribution. An improved under-
standing of the reasons for discrepancies in these reconcil-
iation studies is needed, along with better knowledge of the
processes underlying CCN measurements. This is vital to our
ability to provide reliable quantiﬁcation of CCN behaviour
for use in aerosol–cloud interaction studies.
The Supplement related to this article is available online
at doi:10.5194/acp-14-11833-2014-supplement.
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